The purpose of this work is to present an analysis of cribra orbitalia (CO) from the population of a medieval cemetery in Vilnius, Lithuania, dated between the end of the 13th to the beginning of the 15th centuries. The sample consisted of 208 individuals with sufficiently preserved orbits: 82 subadults and 122 adults. CO was correlated with sex, age-at-death, and three skeletal indicators of biological health: linear enamel hypoplasia, periostitis, and adult femur length as a proxy value for stature. Siler's and Gompertz-Makeham's parametric models of mortality as well as χ2 statistics were used to evaluate these relationships. Almost one-third of all analyzed individuals had signs of CO, including approximately 60% of the subadults. There was a very strong relationship between the age-at-death and incidence of CO, i.e., individuals with the lesion were dying much younger. The frequency of CO among the sexes was not statistically significant. On the other hand, CO had a negative effect only on adult males, i.e., males who had the lesion died at a younger age. Furthermore, CO and linear enamel hypoplasia were positively related for subadults, whereas no significant relationships were found among adults of corresponding sex. Incidence of periostitis and adult stature were not related to CO.
Cribra orbitalia (CO), which refers to porosity and hyperostosis of the superior wall of the orbit, is one of the most frequent lesions macroscopically found in archaeological skeletal collections and is frequently a topical subject of discussion in the bioarcheological literature.
Several explanations for the pathogenesis of CO have been given by previous researchers, including bone marrow hyperplasia, bone inflammatory processes, vestiges of hemorrhage, etc. [Stuart-Macadam 1985 , 1987 Grupe 1995; Ortner & Ericksen 1997; Ortner et al. 1999 Ortner et al. , 2001 Schultz 2001; Ortner 2003; Wapler et al. 2004; Blom et al. 2005; Walker et al. 2009 ]. Nevertheless, traditionally this lesion is considered to be a response to long-term childhood anemia: in individuals suffering from anemia, hyperplastic marrow tissue inside the diploic space protrudes through the external cortical bone, and manifests in the orbits as CO ([Steinbock 1976; StuartMacadam 1985 StuartMacadam , 1987 StuartMacadam , 1992 StuartMacadam , 1998 Mittler & Van Gerven 1994; Aufderheide & Rodriguez-Martin 1998; Blom et al. 2005] ; however, see Sullivan [2005] concerning CO manifestation in adults). Anemia can be the result of genetic defects, acquired deficiencies and/or malabsorptions of iron and/or vitamin B12 or folic acid, due to chronic diseases or intestinal parasitism (e.g., diarrhea), blood loss due to trauma, etc. [Aster 2004] . Despite the fact that genetic forms of anemia may result in CO, non-genetic factors are considered to be mainly responsible for the vast majority of the CO cases in archaeological skeletal collections (with the exception of those of some specific regions) [Larsen 1997 , Aufderheide & Rodriguez-Martin 1998 , Piontek & Kozlowski 2002 , Blom et al. 2005 , Sullivan 2005 . In general, three main types of acquired anemia are thought to result in CO: dietary, megaloblastic, and pathogen load [Mensforth et al. 1978; Stuart-Macadam 1992 Larsen 1997; Goodman & Martin 2002; Holland & O'Brien 2002; Sullivan 2005; Walker et al. 2009] . Until recently, iron deficiency anemia was the most plausible cause of CO in the paleopathological literature [Hengen 1971; Steinbock 1976; Cybulski 1977; Stuart-Macadam 1985 , 1992 Walker 1986; Goodman & Martin 2002 , Benuš et al. 2010 . However, this hypothesis has been questioned [Walker et al. 2009] . Taken together, the exact causality of CO in archaeological skeletal collections is largely unclear. In addition, there is evidence that other causes, such as scurvy, infectious diseases or even post-mortem changes might produce similar changes in the skull, which are difficult to differentiate by macroscopic analysis [Larsen 1997; Ortner et al. 1999 Ortner et al. , 2001 Schultz 2001 , Ortner 2003 Wapler et al. 2004] . Therefore, some authors suggest treating CO rather as a nonspecific indicator of childhood stress [Lewis 2002] . Moreover, even supposing that it is possible to differentiate signs of anemia from other causes, the frequency of CO still reflects only a fraction of individuals who had had anemia: Firstly, archaeological skeletal samples mostly represent only the weakest and sickest individuals of a once living population [Milner et al. 2008] . Secondly, CO is a reflection of stressful events experienced in childhood. Thirdly, CO is most likely an indicator of chronic stress events. Those who had an acute anemia and died (or recovered) quickly, without leaving any clearly visible changes in the dry skeletons, will not be identified by macroscopic analysis. Fourthly, modern clinical evidence suggests that osseous changes do not always occur with the episodes of anemia, where only 50 -75 % of individuals who have anemia show radiographic skeletal alterations [Stuart-Macadam 1985] . Finally, it is not clear whether the effect of remodeling affects the frequency of CO in adult individuals. If so, reconstructions of health experience during childhood and its influence on adults may be considerably distorted.
Despite the abovementioned considerations, CO in (pre)historical studies is very often considered as a general index of poor health as well as an indication of poor dietary and/or sanitary conditions and high incidence of infectious diseases (e.g., Cohen & Armelagos [1984] , Steckel & Rose [2002] ).
The aim of this paper is to analyze whether the distribution of CO in skeletal data from a medieval Vilnius cemetery can be related to the following factors: a) age at death, b) sex, c) three skeletal indicators of biological health, i.e., periostitis, linear enamel hypoplasia, and stature. As the first comprehensive study of CO based on an archaeological skeletal collection from within current Lithuanian borders, it provides data from an original cultural environment and contributes to the discussion and assessment of an entity of considerable interest in bioarcheology.
Materials and methods
Vilnius, the capital of the Grand Duchy of Lithuania from the 14 th until 18 th centuries, was an eastern central European town, similar at least in some ways to large cities of the region such as Cracow, Prague, Bratislava and Budapest. Unfortunately, very scarce historical data about Vilnius in 13 th to 15 th centuries exists. The city was first mentioned in historical records in 1323 in the letters of Gediminas, the ruler of the Grand Duchy of Lithuania. The letters also document that Vilnius had recently became the capital of the country. Although archaeological data records that Vilnius already existed much earlier, historians argue that it fulfilled the typical attributes of a medieval town in the first half of 14 th c. [Bumblauskas 2005] . From the very beginning of 14 th c. it became a multinational and cosmopolitan town. Subsequently, in 1387, Vilnius was the first city in Lithuania to adopt the Magdeburg rights, or city rights [Kiaupa et al. 2000] . The period of interest is primarily characterized by frequent and severe fights with the Teutonic Order. To exemplify, in 1390 Vilnius had been under siege for a whole year [Kiaupa et al. 2000] . Moreover, the inhabitants were permanently plagued by fire due to the fact that the majority of buildings and even streets were made of wood and the buildings of simple townspeople positioned very close to each other. This also indicates that local dwellers lived in a crowded environment [Čaplinskas 2010 ]. Though little can be said about population size and sanitary conditions of this period, written sources from slightly later times testify that Vilnius was a messy town and that the local authorities did not seek to alter the situation significantly. Dirt was thrown directly onto the streets and drained to pools and rivers [Baronas 2001]. As a result, malnutrition, various diseases and high child mortality were characteristic of medieval Lithuanian towns [Čaplinskas 2010 ]. In taking this into account, it would follow that Vilnius provided a fertile environment for the causes of CO.
The graveyard which forms the material basis of this analysis was located in the area of the Bokšto street. Archaeological excavations were carried out in the years of 2006-2010. The cemetery is dated from the end of the 13 th to the beginning of the 15 th c.; the majority of material most likely coming from the 14 th century [Mitokaitė 2011] . At that time the environs of Bokšto street belonged to the Orthodox community. It was the area of Vilnius named "Civitas Ruthenica", or Russian city [Jonaitis & Vėževičienė 2006 , Katalynas 2006 , Vaitkevičius 2010 . Human remains from the Bokšto street cemetery are relatively well preserved [Mitokaitė 2011 ] and therefore suitable for thorough analysis. On the other hand, the graves were sparse in archaeological artefacts. It is not known whether the rarity of grave inventory indicates something about the social position of the buried individuals or adherence to Christian rules. In this study, data from undisturbed graves in the sample were included in the analysis. All the data were collected according to our standard protocols. Sex and age at death were determined using conventional morphological methods [Ferembach et al. 1980 , Ubelaker 1989 , Garmus & Jankauskas 1993 , Maat et al. 2002 , Bass 2005 by visual examination. The standard palaeodemographic characteristics of the sample are given in the Table 1. CO was scored for presence and severity. The severity of cribra orbitalia was recorded on the basis of a three grade classification system described by Stuart-Macadam [1985] . Linear enamel hypoplasia (LEH) is defined as horizontal lines of decreased enamel thickness on the external surface of the tooth crown [Palubeckaitė et al. 2002] due to physiological perturbations of enamel-producing cells during teeth formation [Hillson 1996 ]. The analysis of LEH was performed by dr. Ž. Miliauskienė (Department of Anatomy, Histology and Anthropology, Vilnius University). LEH was recorded for all permanent teeth. Age at LEH formation was determined according to Massler et al. [1941] . The lesions of a periosteal reaction refer to an inflammation of the periosteum [Larsen 1997 , Ortner 2003 . In this analysis, the periostitis was analyzed only on tibias, being the most often affected bone in most of archaeological skeletal collections [Ortner 2003 , Weston 2008 , and registered as a dichotomous variable (presence or absence). Length of femur was scored as a dichotomous variable only for adults. Males and females were divided into two groups, as follows: those whose length of femur was below one standard error of the mean of height; and those who had the femur longer than the first group for the corresponding sex.
In order to examine the effects of CO on mortality/survival, Siler's and GompertzMakeham's parametric models of mortality were used for all individuals and only for adults, respectively (see Wood et al. [1992 Wood et al. [ , 2002 , Milner et al. [2000 Milner et al. [ , 2008 regarding the advances of the application of such type of mortality models instead of the traditional life-table approach). The analysis for adults was stratified by sex. This was done because of the very substantial differential susceptibility of the sexes to patterns of morbidity and mortality due both to cultural and biological factors [Grauer & Stuart-Macadam 1998 , DeWitte 2010 . Maximum likelihood estimation was used to estimate parameters of mortality models. The log-likelihood ratio test (LR) was used to evaluate whether the effects of CO on survivorship were significant. The non-parametric Mann-Whitney statistical test was used to evaluate the differences in height among the sexes, whereas χ 2 statistics were used in all further statistical analyses. The α level was set at 0.05.
Results
From 208 skeletons with sufficiently preserved orbits, 67 (32.2%) had CO. There was a significant negative relationship between age at death and presence of CO. Individuals with the lesion had considerably greater risk of death than without it (LR=43.289, df=1, p=0.000), or, in other words, the probability of finding the lesion Nemeskéri [1970] in the skeleton decreased with increasing individuals' age at death (Fig. 1) . Likewise, a similar pattern was also true for the distribution of the more severe form of cribra orbitalia (combined lesions of medium and severe degrees; LR=20.395, df=1, p=0,000). The peak of lesion formation was observed for individuals who died between 5 to 9 years of age, and only a few cases were found at and after 20 years of age at death (Fig. 2) . Age at death
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Mild CO Medium and severe CO Fig.2 . Frequency of cribra orbitalia in severity degrees in age-at-death groups (18.9%) and 8 of 69 (11.6%), respectively), though this difference was not statistically significant (χ 2 =1.261, df=1, p=0.262). On the other hand, CO had a different effect on adult survival for sexes: males without the lesion lived apparently longer than with it (LR=7.118, df=1, p=0.008), while CO had no significant effect on female survival (LR=0.406, df=1, p=0.524).
Periostitis was identified in 22 of 215 individuals with at least one tibia preserved (10.2%). Only one individual with CO also had a periostitis out of 135 individuals who had retained at least one orbit and one tibia (0.7%). As a result, there was no significant relationship between these two lesions (Table 2).
88 of 108 (81.48%) individuals whose teeth were preserved well enough to be included in the study had imprints of LEH. The peak of the lesion formation was between 2 to 5 years of age. There were differences in distribution of CO among subadults affected and unaffected with LEH. In other words, individuals who had CO, and died before reaching adulthood, also had a higher probability for LEH. On the other hand, CO was equally distributed among adults affected or unaffected with LEH. Similarly, when all age at death groups were pooled together, there were no relationship between CO and LEH ( Table 2) .
As expected, males had significantly longer femurs than females (mean=451.3 cm, SE=2.9 cm, and mean=411.5 cm, SE=3.5 cm for males and females, respectively; MannWhitney test=47.179, p=0.000). However, an equal distribution of individuals affected and unaffected with cribra orbitalia in different femur length groups was found (Table 2) , i.e., there was no significant relationship between length of femur and CO.
Discussion
In sum, age at death, sex, and LEH (only for subadults) were important factors accounting for the distribution of CO in the sample of interest. In contrast, adult length of femur was not related to CO, whereas periostitis was inversely associated with the lesion of interest.
In general, we found a significant negative relationship between the incidence of CO and age at death. Previous analyses of archaeological skeletal samples have shown the same pattern, i.e., individuals without CO had far better chances of surviving more years than affected individuals [e. gested. To begin with, it may confirm the notion that CO is a reflection of childhood stress, as concluded by many authors. This assumption is also supported by the fact that the vast majority of more severe lesions of CO in our sample were registered for subadults. It follows from the results that causes of CO either directly or indirectly had a deleterious influence on individuals' biological health, and contributed to the higher risk of mortality. In our skeletal sample more than half (41 of 68, or 60%) of the individuals who died between 0 to 15 years of age had signs of CO. That may suggest that anemia, as the most plausible explanation for this lesion, was an important factor for the increased risk of mortality for subadults buried in the cemetery of Bokšto Street. This proposal is also supported by the fact that the subadult period is free from confoundments, or at least much less confounded than may be expected for those who died in adulthood from the probable confounding effect of remodeling (see below). The question as to whether causes of CO had an effect on the adult component of past populations is not straightforward. According to our results, there were no differences in frequency of CO between the sexes, though a slightly higher percentage of the lesion was recorded for females. This result was not unexpected and similar to other studies ([Walker 1986 , Mittler & Van Gerven 1994 , Arcini 1999 , Fairgrieve & Molto 2000 , Salvadei et al. 2001 , Kozak & Krenz-Niedbala 2002 , Yoder 2006 , and many others). As an example, StuartMacadam provided a list of results from 28 analyses, and only 4 of them showed statistically significant differences among the sexes [Stuart-Macadam 1998 ]. On the other hand, we found that CO had different effects on adult males and females. Males who did not exhibit CO lived significantly longer, whereas CO had no significant effect on female life span. Supposing that remodeling was not an important factor for the patterns of CO distribution, the results may suggest that boys and girls were similarly exposed to the causes of cribra orbitalia in the population of interest, whereas the outcome was different: the effect was more severe and stronger for boys, at least for those who survived until 20 years of age. Such results may imply that males were more susceptible to the causes of CO than females -as they are with many other biofactors. A similar interpretation is proposed elsewhere [Stuart-Macadam 1998 , DeWitte 2010 , suggesting that females have a more efficient immune system [Ortner 1998 ]. An alternative opinion would be that the most vulnerable girls had died before reaching maturity. However, due to imprecise methods of sex estimation for subadults by traditional osteological methods, it is not possible to verify this hypothesis. In addition, the results of this analysis may testify to a significant impact of childhood health on adult survival. This hypothesis has both a theoretical and empirical basis [Crews & Bogin 2010 , Montez & Hayward 2011 , including research on archaeological skeletal collections [Steckel 2005] .
However, the issue of remodeling could significantly alter the abovementioned interpretations. In the majority of studies, as previously mentioned, CO is generally thought to indicate childhood stress events, mostly anemia, which had not been completely overcome. Hence, the analysis of effects of CO on adult survival/mortality is validated if, and only if, the lesions do not completely remodel; even inmates survived for many years after the stressful events producing CO. Unfortunately, there is no consensus concerning this issue. If CO remodeled without leaving any clearly visible alterations in the bones, the lesion's relationship to life span could be significantly distorted. Nevertheless, although it is yet not proven, it would be unreasonable to abandon CO analyses in adult skeletons [Sullivan 2005] .
Clues for the interpretation of CO could be also provided by the analysis of relationships with other skeletal indicators of biological health. All three indicators examined here have a theoretical basis for possible links with CO and its associated causes. However, our analysis confirmed that only LEH was related to the lesion of interest.
A few studies consider the relationship between two childhood stress-related indicators, CO and LEH. There is no clear agreement regarding the magnitude of the link. Some of researchers [Stuart-Macadam 1985 , Repetto 1988 , Stodder 1997 , Obertová & Thurzo 2008 argue that the connection is reliable, while others disagree [Kozak & Krenz-Niedbala 2002] (see Obertová and Thurzo [2008] for more comprehensive review of references regarding this issue). We calculated a statistically significant co-occurrence between these two lesions for subadults. That is to say that young and weak individuals who had CO also had a high probability to develop LEH. Furthermore, the peak of LEH formation was between 2 to 5 years of age. This period corresponds to the critical time for susceptibility to anemia [Stuart-Macadam 1985] . Additionally, although these indicators are rather non-specific indicators of childhood stress, both of them are mainly thought to be related with the similar causality, i.e., malnutrition, pathogen load, poor hygiene, etc. Therefore, it may suggest that the causes of both lesions interacted with and plagued the life of young individuals. Yet, the nature of association is still not clear, and it may be either direct or indirect.
Variation in body height, especially in early childhood, renders an individual particularly susceptible to agencies of the external environment [Stinson 2000] . Therefore, the relationship between CO and length of femur is expected. Moreover, there are empirical bases for this relationship, which suggests a link between anemia and reduced height [Mensforth 1985 ]. However, our analysis failed to demonstrate this link.
A similar situation exists with periostitis. Although periostitis could be caused by many factors [Weston 2008 , Waldron 2009 , some authorities argue that it is produced mostly by infectious diseases [Ortner 1998 [Ortner , 2003 . Given the strong relationship between anemia and infectious diseases [Lallo et al. 1977 , Mensforth et al. 1978 , a relationship between periostitis and CO was believed to exist. However, contrary to expectation, there was only one individual who had both of these conditions in our sample. This indicates that the causes of periostitis did not increase risk of CO.
Finally, to ascertain what particular causes may have created the conditions that resulted in CO in the local population is complicated for several reasons. Until now there has not been agreement on what the exact causes of CO are: Even the most current prevailing idea of iron deficiency anemia has been challenged [Walker et al. 2009] . Secondly, the archeological and historical context of the cemetery and early medieval Vilnius in terms of everyday life activities, pathogen load, etc. have until the present been poorly studied. Nevertheless, further research on this sample has recently begun, and we hope it will be possible to treat to the abovementioned issues much more thoroughly in the near future.
Final remarks
1. It is not clear how much the cemetery sample is representative of a previously existing living population [Waldron 2007 , Milner et al. 2008 . However, we can conclude that, at least for the subadults, factors that produced cribra orbitalia (anemia?) significantly burdened their biological health and were likely associated with their early death. 2. Cribra orbitalia was strongly and positively correlated with the risk of dying. If not a matter of remodeling, then it not only confirms above mentioned idea but may also suggest that stressful events in childhood impacted negatively, either directly or indirectly, on adult survival. 3. Although there were no significant differences in frequency of cribra orbitalia between males and females, sex, as a separate factor, was important in accounting for the association between cribra orbitalia and age at death. Males with the lesion lived for a significantly shorter time. This tendency was not significant for females. 4. Cribra orbitalia was significantly and positively related with LEH for individuals who died at a young age (0 to 15 years) -young and weak individuals with cribra orbitalia also had a high probability for LEH. This link was insignificant for older individuals. 5. Periostitis and stature, as separate factors, were not related with increased risk for cribra orbitalia.
Notes

